Adsorption of colloidal particles constitutes an attractive route to tailor the properties of surfaces. However, for efficient material design full control over the particle-substrate interactions is required. We investigate the interaction of spherical polyelectrolyte brushes (SPB) with charged substrates based on adsorption studies and atomic force spectroscopy. The brush layer grafted from the colloidal particles allows a precise adjustment of their adsorption behavior by varying the concentration of added salt. We find a pronounced selectivity between oppositely and like-charged surfaces for ionic strengths up to 10 mM. Near the transition from the osmotic to the salted brush regime at approximately 100 mM attractive secondary interactions become dominant. In this regime SPB adsorb even to like-charged surfaces. To determine the adhesion energy of SPB on charged surfaces directly, we synthesize micrometer-sized SPB. These particles are used in colloidal probe AFM studies. Measurements on oppositely charged surfaces show high forces of adhesion for low ionic strengths that can be attributed to an entropy gain by counterion release. Transferring our observations to charge patterned substrates, we are able to direct the deposition of SPB into two-dimensional arrays. Considering that numerous chemical modifications have been reported for SPB, our studies could open exiting avenues for the production of functional materials with a hierarchical internal organization.
Introduction
The physisorption of components from solution constitutes a versatile and easily upscalable alternative to surface modifications based on covalent chemical coupling, since coupling by physisorption does not require specific chemical reactions to occur.
A prominent example for this approach is the layer-by-layer (LbL) deposition of oppositely charged polyelectrolytes [1] [2] [3] [4] . Multilayers can be applied to large substrates by simple dip or spray coating and the non-covalent nature of the underlying interactions allows for a broad spectrum of molecular components [5] [6] [7] [8] . Other examples are the physisorption of microgel-particles [9] which can be used as temperature-responsive cell substrates [10] or the adsorption of responsive block-copolymer micellar aggregates [11] for controlled release and cellular response.
Indeed often colloidal building blocks are integrated in such physisorptionlayers [12] [13] [14] [15] [16] , since they carry functions (optical, electronic, catalytic, magnetic properties or responsiveness towards various stimuli), but also because the size of colloidal particles increases the adsorption energy as compared to single (macro-)molecules while still ensuring that interfacial interactions are dominant over inertia or other forces governing the macro-scale. The efficiency of these materials depends on both the physical properties of the colloids and their spatial arrangement on the substrate.
Modification of the colloidal building blocks by grafting polymer chains prior to physisorption is a promising strategy for optimizing these aspects inasmuch as the surface layer moderates the interaction with the substrate independent of the type of particles. Such an approach can be applied to any type of colloids including inorganic and polymer particles. If the packing of the chains is sufficiently dense, i.e. the lengths of the chains tethered with one end to the particle must be considerably larger than the distance between two neighboring chains, a polymer brush results [17] . Moreover, if the brush is made from polyelectrolytes, it adds electrosteric stabilization, stimuli-responsiveness and compatibility as well as adhesiveness or nonadhesiveness to particles that could exhibit special optical, mechanical or magnetic features, thus establishing multi-functional building blocks [18] [19] [20] [21] . Because of the spherical geometry of the colloidal support, such particles are denoted as "spherical polyelectrolyte brushes" (SPB). The core-shell morphology of SPB is schematically depicted in Fig. 1A .
The properties of SPB in solution are widely determined by the confinement of the counterions of the polyelectrolyte chains. Approximately 95% of the counterions of the polyelectrolyte chains are trapped within the brush at low concentrations of added salt [22] . This creates a huge osmotic pressure resulting in a marked stretching of the polyelectrolytes [23, 24] . The responsiveness of the SPB towards external stimuli such as the ionic strength and pH allows precise control over the spatial dimensions of the particles and their mutual interaction [25] [26] [27] [28] .
Functionalization of the core-shell colloids can be accomplished by loading the core with hydrophobic substances, including many drugs. Moreover, the surrounding brush layer may serve as a carrier for active nanostructures, namely for metal nanoparticles, enzymes and conductive polymers yielding functional colloids with tailored biological, catalytic or electronic properties [29] [30] [31] [32] . This opens up avenues for multifunctional responsive mesoscopic building units that are stable against coagulation and can be easily handled [33] .
Understanding the interaction of SPB with solid substrates is a prerequisite for their technological application in functional coatings. Studies with mica surfaces demonstrated distinct differences in the adsorption behavior of cationic and anionic SPB [34, 35] . While anionic SPB exhibited a high lateral mobility on the negative substrates and Fig. 1 . Influence of substrate charge and ionic strength on SPB adsorption. For this study anionic SPB consisting of a PS core and attached PSS chains were used (A). Before drying, the films exhibit a liquidlike particle ordering indicating a random adsorption process (B). At 10 mM of added salt the particles bind only to oppositely charged surfaces, whereas particle deposition at 500 mM results in a high surface coverage on both types of substrates. The equilibrium particle density plotted against the ionic strength shows that the loss of substrate selectivity coincides with the transition from the osmotic to the salted brush regime near 100 mM (C).
formed hexagonally packed arrangements during drying, cationic SPB were strongly affixed to the surface resulting in network-like structures. Recently, we investigated SPB adsorption onto polyelectrolyte multilayers focusing on the kinetics [36] . We found that after an initial diffusion-limited stage SPB adsorption slows down and finally ceases with the formation of a particle monolayer.
In this work we investigate the interaction of anionic SPB and polyelectrolyte multilayers consisting of polystyrene sulfonate (PSS) and poly(diallyldimethylammonium chloride) (PDA). In addition to adsorption studies covering a wide range of ionic strengths [36] , we present a direct assessment of the force of adhesion via atomic force microscopy (AFM). We utilize the colloidal probe (CP) technique, in which force-distance curves are recorded with an AFM cantilever bearing a micrometer-sized spherical particle [37] . This method was developed independently by Butt and Ducker and allows a normalization of the measured forces over the contact area by the Derjaguin approximation [38, 39] . Another advantage of CP-AFM is the possibility to use functionalized particles and measure the interaction between arbitrary surfaces including polyelectrolyte brushes [40] [41] [42] [43] . Building upon the synthetic route to submicron SPB originally developed by Ballauff and co-workers [24, 25] , we attach PSS chains to micrometer-sized polystyrene particles. These SPB microparticles are then used to measure the interaction of SPB with charged surfaces. Finally, we demonstrate that under appropriate deposition conditions SPB can be arranged into well-defined arrays on charge patterned substrates. For this purpose we utilize microcontact printing, which is a prominent technique to facilitate surface patterning and guided adsorption [44] [45] [46] .
Experimental section

Materials
Styrene was passed through a catechol inhibitor remover column before use. Irgacure 2959 was kindly supplied by Ciba Specialty Chemicals and transferred into the copolymerizable photoinitiator (HMEM) by a Schotten-Baumann reaction of Irgacure 2959 and methacrylic acid hydrochloride along the lines given in Ref. [24] . Purification was accomplished by column chromatography on silica gel. The purity of the product was verified through NMR spectroscopy (AC 250, Bruker). Deionized water obtained from a reverse osmosis water purification system (Millipore Academic A10) was used throughout the entire studies. All latexes were purified by exhaustive ultrafiltration against deionized water. The other chemicals and solvents were of analytical grade and were used as received.
Nanoparticles synthesis
The synthesis and characterization of submicron SPB following the approach of Ballauff and coworkers are described in Ref. [47] . Briefly, polystyrene cores bearing covalently anchored photoinitiator moieties were produced by soap-free emulsion polymerization in the presence of a UV sensitive comonomer. From the particle surfaces PSS chains were grafted by UV induced polymerization of sodium styrene sulfonate. The PS cores display a narrow size distribution with an average radius of 126 ± 2 nm as measured by dynamic light scattering (DLS). The hydrodynamic thickness of the PSS brush is 74 ± 3 nm in deionized water. The PSS chains were cleaved from the PS cores and analyzed by size exclusion chromatography. The molecular weight of the longest PSS chains that govern the spatial extension of the brush layer was determined as 67 600 ± 4950 g/mol, which corresponds to a contour length of 82 ± 6 nm [47] . The polydispersity of the chains (weight averaged molecular weight by number averaged molecular weight) was calculated as 2.1, which is a common value for polymers prepared by free radical polymerization. The chain grafting density is 0.03 ± 0.01 chains per nm 2 [47] .
Microparticles synthesis
PSS brushes were grafted from monodisperse cross-linked PS microparticles with a diameter of 4.8 μm (SX-500 H) which were kindly supplied from Soken Chemical & Engineering Co. The photoinitiator layer surrounding the microparticles was formed in a seeded growth polymerization. Briefly, 15 g of the microparticle powder was dissolved in 14 g ethanol yielding a homogeneous suspension after sonication for 2 min. 143 g deionized water was added dropwise under continuous stirring followed by further sonication to minimize agglomeration. The PS seeds were swollen with 1.13 g styrene (injection rate 0.02 g/ml) and stirred for a period of 15 h at 130 rpm. The polymerization was performed at 70
• C under a nitrogen atmosphere and continuous stirring (300 rpm). To initiate the reaction, 0.284 g potassium persulfate was added. After 15 min, 2.098 g of a 69.6 wt % solution of the copolymerizable photoinitiator HMEM in acetone was injected into the suspension (rate 0.05 g/min). The reaction was allowed to proceed for 2 h. The microparticles were isolated from the dispersant, redispersed in ethanol and stored in a 1 : 1 ethanol-water mixture for further use.
Grafting of the polyelectrolyte brushes was carried out in a closed reaction chamber containing a UV emitter with a focusable reflector (Hoenle UV Technology UV-F 400 F). An iron doped metal halogenide lamp with a power of 400 W was used in combination with a blue filter (transmission window: 320-450 nm). 44 mg of sodium styrene sulfonate was added to suspensions of 217 mg photoinitiator-coated microparticles dispersed in 4.8 g of a 1 : 1 ethanol-water solution. The reaction mixtures were irradiated with UV for 30 min at r.t. under permanent stirring. Purification of the suspension was accomplished by exhaustive ultrafiltration against deionized water.
Polyelectrolyte solutions
All polyelectrolytes were used as aqueous solutions containing 1 g/l and varying amounts of NaCl (99.88%, Fisher Scientific). Multilayer coatings were produced with the following polyelectrolytes (Aldrich): PEI (poly(ethylene imine), MW = 25 000 g/mol), PSS (poly(sodium-4-styrene sulfonate), MW = 70 000 g/mol, 50 mM NaCl), PDA (poly(diallyldimethylammonium chloride), MW = 100 000-200 000 g/mol, 50 mM NaCl). For microcontact printing we used fluorescently labeled PDA-TRITC (Surflay, MW = 70 000 g/mol, 500 mM NaCl).
Substrate preparation
Glass slides and silicon wafers were cut into pieces of 10 mm × 25 mm and cleaned by the RCA method using analytical grade chemicals (2-propanol, NH 3 , H 2 O 2 from VWR) [48] . Functionalization of the wafers with 3-aminopropyldimethylethoxysilane (97%, Sigma Aldrich) was achieved by vapor phase silanization under reduced pressure (10 mbar, 24 h) followed by rinsing with EtOH (VWR) to remove excess molecules.
Prior to the multilayer coating the substrates were immersed in PEI solution for 30 min to deposit an adhesion promoting layer. The build-up of (PSS/PDA) 5 and (PSS/PDA) 5.5 multilayers by spray coating followed the procedure reported in Ref. [5] .
Multilayers terminated with PSS were charged patterned by microcontact printing of PDA-TRITC following established protocols [49, 50] . For this purpose we used polydimethylsiloxane (PDMS) stamps cast from lithographically patterned silicon masters.
On homogeneous substrates SPB were deposited by immersion in suspensions of varying ionic strength (0.1 mM to 1 M, 0.1 wt % particles) for 60 min. Deposition of SPB on charge patterned surfaces was facilitated by drop casting in a humidified desiccator. The suspensions contained 0.1 wt % particles and NaCl concentrations of 1 mM and 100 mM respectively and were left on the substrates for at least 24 h. Before drying, the non-adsorbed particles were removed by thorough washing. In-situ AFM imaging of wet samples showed that the amount of adsorbed particles did not change during this step.
AFM imaging
Imaging of the SPB assemblies was performed with a Nanowizard I AFM (JPK Instruments) operating in the Intermittent Contact Mode. We used soft cantilevers (0.15 N/m, 12 kHz, CSC-17, MikroMasch Estonia) for in-situ imaging and stiff cantilevers (42 N/m, 300 kHz, OMCL-AC160TS-W2, Olympus) for imaging in air. To estimate the surface coverage in dependence on the ionic strength 100 μm 2 scans were recorded on at least three positions per sample using a Dimension IIIa AFM (Bruker). The particle density was determined by the automated counting procedure implemented in ImageJ.
Force spectroscopy
The colloidal particles were attached to calibrated, tipless AFM cantilevers (NSC12, Mikromasch) using a commercial epoxy glue (UHU Endfest 300) and a micromanipulator. The force constants as detected by the thermal noise method [37] ranged from 0.25 N/m to 0.7 N/m. Force-distance curves were recorded in liquid using a Nanowizard I AFM. All solutions were adjusted to pH 4 with HCl (Grüssing). Salt concentrations of 1 mM and 100 mM were obtained by addition of NaCl.
Electrophoretic mobility measurements
Double-layer potential measurements of the microparticles were performed with a ZE-TAVIEW laser scattering video microscope (Particle Metrix GmbH). From the electrophoretic mobilities determined by the implemented image analysis algorithm, zeta potential values were calculated using the Smoluchowski equation [51] . All samples were strongly diluted in 1 mM NaCl solution. Their pH was adjusted by addition of HCl.
Field emission scanning electron microscopy (FESEM)
FESEM specimen were prepared by drying one drop of a highly diluted suspension on a clean silicon wafer (CrysTec) at room temperature and coating with a platinum layer of 2 nm thickness using a sputter coater (Cressington 208HR) to make the specimen conductive. Micrographs were recorded on a LEO Gemini microscope (Zeiss) equipped with a field emission cathode operating at 3-5 kV, which corresponds to a lateral resolution of 2 nm.
Cryogenic transmission electron microscopy (cryo-TEM)
Cryo-TEM sample were contrast enhanced in accordance to Ref. [52] by counterion exchange with CsCl and subsequent adsorption of bovine serum albumin (BSA)
Differential centrifugal sedimentation (DCS)
The average size of the microparticles and their size distribution were measured using an analytical disc centrifuge (CPS Instruments CPS-24000) [53] . Within a hollow disc rotating at 5050 rpm a gradient was prepared by layering eight sucrose solutions of decreasing density (8 to 3 wt %) upon one another. 0.1 ml of a dilute suspension of microparticles was placed on top of the gradient. The distribution of the microparticles was obtained by measuring the time required for the different species to reach a known position within the gradient. The concentration at this position and time was measured by light absorption at 405 nm.
Results and discussion
Analysis of the adsorption behavior is an established methodology for investigating the interaction between particles and solid interfaces. Both the adsorption kinetics and the final surface coverage provide insights in this respect. In a recent study we found that SPB adsorption kinetics is diffusion-limited in the low surface coverage regime. After extended adsorption times the process runs into a jamming limit which always results in the formation of a SPB monolayer [36] .
The saturation coverage of adsorbed SPB depends on both the surface charge and the ionic strength in solution. Figure 1B shows layers formed by the adsorption of particles carrying a PSS brush onto PDA and PSS terminated multilayers. While the SPB adsorb exclusively on the oppositely charged surface at low ionic strength, selectivity vanishes at high concentrations of added salt. The AFM images were recorded in-situ directly after excess particles had been removed by gentle washing. In the absence of attractive capillary forces a liquid-like ordering is preserved, indicating a random sequential adsorption of SPB. Obviously, the characteristic interparticle distance is strongly reduced by the addition of salt, which induces screening of the repulsive electrosteric interaction between the SPB. In Fig. 1C the saturation surface coverage on both oppositely and like-charged substrates is plotted as a function of the ionic strength. On PDA the surface coverage increases monotonically with the ionic strength, whereas Fig. 2 . Synthesis of micrometer-sized SPB: Microparticles bearing photocleavable groups at their surface were prepared by seeded growth polymerization of styrene and the polymerizable photoinitiator HMEM onto narrowly dispersed polystyrene seeds. Sodium styrene sulfonate (NaSS) was added and the suspension was irradiated by UV light. Covalently bound surface radicals thus generated initiated the polymerization of the water-soluble monomer resulting in polyelectrolyte brushes attached to the microparticles.
virtually no adsorption is observed on PSS terminated substrates below 10 mM of added salt. Even higher salt concentrations lead to a gradual loss of the substrate selectivity. Matching surface coverage on both oppositely and like-charged substrates is found at salt concentrations above 100 mM. Interestingly, this value corresponds to the transition from the osmotic brush to the salted brush regime, which is known to have also a pronounced influence on the binding of proteins to SPB [54, 55] .
It is reasonable to assume that electrosteric forces dominate the interaction between SPB and charged surfaces in the osmotic brush regime. At low ionic strength SPB attachment to oppositely charged substrates is entropically favored due to counterion release, whereas electrostatic and steric repulsion suppress adsorption onto like-charged surfaces. In the salted brush regime, the polyelectrolyte corona is strongly collapsed due to screening rendering electrosteric interactions insignificant. Instead, attractive forces such as van der Waals or hydrophobic interactions become dominant facilitating SPB adsorption independent of the substrate type.
To assess the forces governing the interaction of SPB with charged surfaces directly, we chose the colloidal probe technique, where single colloidal particles are attached to AFM cantilevers. Due to the well-defined geometry a normalization of the measured force data by the Derjaguin approximation is possible. In order to perform such experiments, it was fundamental to modify micrometer-sized particles of suitable dimensions to be used as colloidal probes by grafting polyelectrolyte brushes. For this purpose, we selected cross-linked polystyrene microparticles, which were supplied from Soken Chemical & Engineering Co.. Measurements of the distribution of the particle diameters by differential centrifugal sedimentation showed that the particles are narrowly dispersed with an average diameter of 4.8 μm. Their polydispersity defined as the weight-averaged diameter divided by the number-averaged diameter is as low as 1.001. Moreover, scanning electron micrographs revealed that the particles exhibit a uniform spherical shape with a smooth surface, which was essential to obtain a well-defined core-shell morphology after grafting the polyelectrolyte brush.
As illustrated in Fig. 2 the surface modification was carried out in two steps, beginning with coating the microparticles with a thin layer of photoinitiator. In the second step, surface-bound radicals, formed upon irradiation with UV light, initiated the polymerization of the water-soluble monomer sodium styrene sulfonate resulting in covalently attached polyelectrolyte brushes. This method is well-established for the synthesis of SPB with submicron dimensions [24, 56] , but has to the best of our knowledge not been adapted to larger particles. While the general concept is similar to the one developed by Ballauff and co-workers for nanoparticles, special attention had to be paid to prevent aggregation of the micrometer-sized particles until the brush layer could add electrosteric stabilization.
Careful preparation was necessary to obtain homogeneous suspensions of the microparticles. For this purpose, the particles that were supplied as a freeze-dried powder were at first suspended in ethanol before an aliquot of water was added dropwise. Homogenization was accomplished by sonication. The photoinitiator layer was generated by swelling the cross-linked micrometer-sized seeds with a defined amount of styrene and then initiating the polymerization by addition of potassium persulfate. A water-soluble initiator was chosen to facilitate the polymerization at the surface of the particles. After a time given to form a "fresh" layer of polystyrene, a polymerizable photoiniator was added under starved conditions resulting in a copolymer shell on the seeds. It has to be noted that the microparticles kept their uniform spherical shape during the polymerization as corroborated by electron micrographs (Fig. 3A) . This finding is not trivial, because given appropriate experimental conditions seeded growth polymerization from cross-linked particles can be used to prepare particles that exhibit defined anisotropic shapes, e.g. dumbbell-shaped particles [57, 58] . In the final step, the water soluble monomer sodium styrene sulfonate was added and the suspension of the modified microparticles bearing covalently attached photoinitiator moieties at their surface was irradiated by UV light in a closed reaction chamber. As shown in earlier studies, multiple elastic scattering of the UV light within the turbid suspension enables the decomposition of the surface-bound photoinitiator. These radicals initiate the polymerization of the water-soluble monomer resulting in polyelectrolyte brushes covalently attached to the particles [24, 56] . The decomposition of the applied photoinitiator results both in surface-bound radicals and free radicals in solution. The free polyelectrolyte chains in solution thus formed were removed by ultrafiltration against water.
Manifold analytical techniques such as small-angle X-ray scattering [59] , dynamic light scattering [24] , cryogenic transmission electron microscopy [52] and electrophoretic measurements [60] have been used to comprehensively investigate the coreshell character of submicrometer-sized SPB. While such techniques are well-suited to study submicrometer-sized particles, they can be hardly applied on microscale objects. In order to estimate the brush thickness, a reference experiment with PS seeds of 169 nm in diameter was carried out in parallel to the photopolymerization onto the microscale seeds in the UV chamber. A brush thickness of 30 nm was obtained by DLS measurements of the hydrodynamic radii before and after the photopolymerization. As a first indication that a brush layer also formed on the microparticles may serve their significantly enhanced stability when dispersed in water. This was already evident from visual inspection. While the unmodified core particles showed rapid sedimentation in water and had thus to be kept in water/ethanol mixtures during surface modification, sedimentation of the brush coated microparticles proceeded much slower. This observation was quantitatively corroborated when measuring the size distribution of the particles by DCS (Fig. 3B ). Considerable amounts of particle dimers, trimers and tetramers were found in freshly prepared aqueous suspensions of the PS seeds, which is in accord with their high sedimentation rate. Only a small portion of dimer ensembles are found after modification of the microparticles indicating the stabilization effected by the surrounding polyelectrolyte layer. This is further documented by optical measurements of the electrophoretic mobilities of individual microparticles before and after grafting the surface layer. The experiments were carried out at pH 4 to exclude the influence of the carboxylic groups of the PS seeds on the mobility. Calculations of zeta potentials for hairy particles from electrophoretic mobilities are non-trivial [61] . In contrast to submicrometer-sized SPB, the influence of a 30 nm thick surface layer on the mobility of the 4.8 μm SPB microparticles can be widely restricted to the effective charge of the particles. For this reasons, zeta potentials were calculated based on the Smoluchowski equation [51] . The low zeta potential of −4 mV of the PS seeds is in full accord with the modest stability of aqueous suspensions of these particles. There was a significant increase of the absolute value of the zeta potential (−27 mV) after the photopolymerization again indicating the successful formation of the polyelectrolyte layer and the improved stability of the suspensions.
While the standard characterization methods all indicate a successful modification of the PS microparticles, they reflect the averaged properties of a large ensemble of particles. To investigate the single particles by CP-AFM we attached PS core particles and PSS modified particles to tipless cantilevers. In analogy to the zeta potential measurements all AFM experiments were conducted at pH 4 to screen contributions stemming from the carboxyl moieties of the core particles. Figure 4A ,B displays typical forcedistance curves obtained on amino-functionalized Si wafers, which carry a positive net charge under acidic conditions. Independent of the ionic strength the PS core particles show a hard repulsive interaction without noticeable adhesion upon retraction. Retract curves of the modified particles on the other hand display a strongly adhesive interaction most pronounced at low ionic strength. Despite the fact that SPB adsorption is promoted by the addition of salt, electrostatic screening results in significantly decreased binding strengths. Similar trends apply to PDA terminated polyelectrolyte multilayers as substrates with the qualitative difference that we often observe a less rapid, stepwise detachment upon retraction of the cantilever (Fig. 4C) . Measurements in the presence of PSS terminated multilayers (Fig. 4D) on the other hand displayed small forces of adhesion, which were independent of the ionic strength and can be attributed to secondary interactions and chain entanglements [62] .
We have to note that only about half of the probed SPB microparticles showed significant differences from the bare PS cores indicating an incomplete conversion during photopolymerization. Also with an increasing number of measurements the force of adhesion decreased steadily indicating that PSS chains are partially torn out of the brush. Considering the charged surface as a multivalent counterion very strong binding is expected [35] . In our measurements the retract speeds (500 nm/s) were rather high possibly preventing a stepwise detachment of single charged polymer groups. Whereas more quantitative investigations will have to take these aspects into account, we were primarily interested in a qualitative assessment of the strength of SPB adhesion at high and low ionic strengths.
Both the adsorption study and the single particle study demonstrated the pronounced substrate selectivity of SPB, which is a prerequisite for the construction of SPB surface assemblies on charge patterned substrates. To create substrates with welldefined positive and negative regions we printed labeled PDA-TRITC onto PSS termi- nated multilayers using hydrophilized PDMS stamps. Successful pattern reproduction was proven by fluorescence microscopy and AFM imaging. A typical microcontact print consisting of negative circles and a surrounding positive matrix is displayed in Fig. 5A . Onto the patterned region we applied droplets of SPB suspensions containing 1 mM and 100 mM of NaCl. These samples were stored in a humidified desiccator for at least 24 h before washing with water and drying in a nitrogen stream. As shown in Fig. 5B the SPB adsorbed only onto oppositely charged areas at low ionic strength leading to excellent pattern reproduction. Increasing the ionic strength to 100 mM on the other hand resulted in a complete loss of substrate selectivity (Fig. 5C) . As confirmed by fluorescence microscopy the pattern fidelity was unaffected by the deposition process. The observed non-selectivity can therefore be attributed to attractive secondary interactions, such as van der Waals forces or hydrophobic interaction, dominating the SPB adsorption in the salted brush regime.
As further demonstrated in Fig. 6 , charge patterning is a powerful tool for controlling surface order as well as the patterning of sub-micrometer SPB on the micrometer scale and even up to macroscopic dimensions. 6 . Hierarchical structuring by selective SPB adsorption: Millimeter-sized patterned areas were produced by microcontact printing with a custom PDMS stamp (top: fluorescence image, bottom: phase contrast micrograph after SPB deposition) (A). Micron-sized particle arrays are formed upon the adsorption of SPB (AFM) (B). The Cryo-TEM image of individual SPB contrasted by the adsorption of bovine serum albumin demonstrates the core-shell architecture (C).
Conclusions
We investigated the interaction of spherical polyelectrolyte brushes with charged surfaces. Particle monolayers prepared by SPB adsorption onto positively and negatively charged polyelectrolyte multilayers showed a distinct dependence of the surface coverage on the concentration of added NaCl. The particles adsorbed exclusively onto oppositely charged surfaces at ionic strengths up to 10 mM, whereas higher salt concentrations resulted in a gradual loss of substrate selectivity. While counterion release and electrosteric repulsion govern the interaction between SPB and charged surfaces in the osmotic brush regime, attractive secondary interactions become dominant in the salted brush regime.
The strength of the interaction forces can be assessed on a single particle level by colloidal probe AFM. For this purpose we equipped cross-linked polystyrene mi-croparticles with UV sensitive moieties and grafted chains of polystyrene sulfonate from the particle surfaces. This modification lead to significantly enhanced colloidal stability in water. Further, the PSS grafted microparticles displayed a strongly negative zeta potential even under acidic conditions, where the bare core particles carrying only carboxyl groups are mostly neutral. In analogous single particle AFM measurements the presence of grafted PSS chains resulted in a massively altered interaction with positively charged surfaces. Whereas the bare cores show no attraction towards the substrate under acidic conditions, the modified particles adhere strongly. The force of adhesion can be regulated via the ionic strength in the surrounding medium.
Further, we used charge patterned substrates produced by polymer-on-polymer stamping to arrange SPB into patterned arrays. As expected from the experiments with homogenous surfaces site-selective SPB attachment occurred only at low ionic strength. While this has been demonstrated with hard particles [45] , the stimuli-responsive nature of the brush layer avoids an irreversible hit-stick behavior and could therefore allow us to remove structural defects by annealing. Considering the numerous chemical modifications which have been reported for SPB [29, 33, 63] , our study opens exiting avenues for the production of stimuli-responsive materials with a hierarchical internal organization. Figure 6 shows a particular example of such a hierarchical structure containing two levels of hierarchy: the internal core-shell character of the particles and their positional order on the printed micropattern. As one can clearly see, completely novel functionalities arise, like the use of nanoparticles for communication, which brings us to the main aim of this manuscript:
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